We develop a string-inspired model for particle cosmology, based on a flipped SU(5)×U(1) gauge group formulated in a no-scale supergravity framework. The model realizes Starobinsky-like inflation, which we assume to be followed by strong reheating, with the GUT symmetry being broken subsequently by a light 'flaton' field whose decay generates a second stage of reheating. We discuss the production of gravitinos and the non-thermal contribution made by their decays to the density of cold dark matter, which is assumed to be provided by the lightest neutralino. We also discuss the masses of light and heavy neutrinos and leptogenesis. As discussed previously [1], a key rôle is played by a superpotential coupling between the inflaton, matter and GUT Higgs fields, called λ 6 . We scan over possible values of λ 6 , exploring the correlations between the possible values of observables. We emphasize that the release of entropy during the GUT transition allows large regions of supersymmetry-breaking parameter space that would otherwise lead to severe overdensity of dark matter. Furthermore, we find that the Big Bang nucleosynthesis lower limit on the reheating temperature of ∼ 1 MeV restricts the supersymmetry-breaking scale to a range O(10) TeV that is consistent with the absence of supersymmetric particles at the LHC.
Introduction
There are many aspects of cosmology where particle physics is called upon to play key rôles. In decreasing order (roughly) of energy and temperature scale, these include cosmological inflation and the subsequent reheating, baryogenesis, the decoupling of cold dark matter (CDM) from matter made of Standard Model (SM) particles, Big-Bang Nucleosynthesis (BBN), relic left-handed neutrinos and the cosmological constant (dark energy). In a previous paper [1] we proposed a model approach to these issues in particle cosmology that we develop further in this paper.
The approach we follow is guided by the expectation that string theory is the underlying fundamental quantum 'theory of everything' including gravity as well as the SM. For that reason, we adopt a theoretical framework for sub-Planckian physics that has been shown to be obtainable in principle from string theory. We expect that string theory is compactified on a manifold that preserves supersymmetry (SUSY) in the effective low-energy theory. The appropriate framework for combining SUSY with gravity is supergravity, of which string compactification picks out [2] the specific no-scale variety [3] [4] [5] .
As for the sub-Planckian gauge group, in weakly-coupled heterotic string compactifications the matter representations are limited in size, e.g., to 5 and 10 representations of SU(5) 1 . This consideration motivates our choice of GUT gauge group, namely flipped SU(5) × U(1) [6] [7] [8] [9] , which can be broken down to the SM SU(3) c × SU(2) L × U(1) Y group by a combination of 10 and 10 Higgs representations, whereas conventional SU (5) and larger GUT groups require adjoint or larger Higgs representations.
We have explored different aspects of the combined no-scale flipped SU(5) × U(1) framework in a series of papers [10, 11] , culminating in [1] , where we analyzed possible resolutions of many of the above-mentioned issues in particle cosmology. We emphasized there the key rôle played by one specific Yukawa coupling, denoted by λ 6 , which connects 10 matter, 10 Higgs and singlet inflaton fields. In this paper we provide more details of this no-scale flipped SU(5) × U(1) model, showing how the scale of SUSY breaking must be constrained for the consistency of this scenario for particle cosmology.
The general structure of our scenario for particle cosmology is illustrated in Fig. 1 . Inspired by superstring compactification models (as highlighted in green), we postulate no-scale supergravity and a flipped SU(5) × U(1) GUT. The latter includes a coupling λ 8 (highlighted in blue) that generates Starobinsky-like inflation with a successful prediction for the scalar spectral tilt, n s , as well as a testable prediction for the tensor-to-scalar perturbation ratio, r. There is also a coupling λ 6 (also highlighted in blue) that plays key rôles in post-inflationary reheating, neutrino masses and leptogenesis as highlighted in [1] . We postulate strong reheating, which leads to copious production of gravitinos that decay subsequently into non-thermal dark matter. The GUT SU(5) × U(1) → SM phase transition occurs after reheating, and generates a substantial amount of entropy, ∆. Entropy dilution by a factor ∆ ∼ 10 4 (also highlighted in blue) reduces the cosmological baryon asymmetry to the measured value, and also reduces the density of non-thermal and thermal dark matter so as to be compatible with Planck [12] . These requirements and the lower limit of O(MeV) on the reheating tem-perature after the GUT transition imposed by the success of conventional BBN [13] prefer a SUSY breaking scale that is O(10) TeV. This and other key model predictions (r, n s , neutrino masses, n B /s, the dark matter density, the SUSY scale, BBN and the Higgs mass m h ) are highlighted in red in Fig. 1 . Figure 1 : The general structure of our scenario for particle cosmology.
Superstring

No-Scale Supergravity
The layout of this paper is as follows. In Section 2 we review the construction of our model, reviewing the assignments of matter particles to SU(5)×U(1) representations and the singlet inflaton and flaton fields, and highlighting the importance of the λ 6 coupling. Then, in Section 3 we review some cosmological aspects of our model, focusing on the reheating epoch following inflation, which we assume to be strong, and the subsequent breaking of the GUT symmetry via thermal corrections to the effective potential for the flaton. The amount of entropy, ∆, generated during the transition to the SM gauge group is an important aspect of our analysis. As we discuss in Section 4, strong reheating implies the copious production of gravitinos, which decay subsequently to CDM particles, assumed to be neutralinos. Their density may be reduced into the range that is cosmologically acceptable by the entropy factor ∆. We consider neutrino physics in Section 5, performing a scan over values of the λ 6 coupling and studying possible values of the light neutrino masses, the baryon asymmetry generated via leptogenesis and the non-thermal contribution to the CDM density in Section 6. As we discuss in Section 7, the dominant contribution to the CDM density may be thermal, which could be brought into the cosmological range for ∆ 1 even for sparticle masses 1 TeV. An important constraint is that the universe should reheat to a temperature 1 MeV, so that BBN can proceed successfully as in conventional Big Bang cosmology. This and the correct CDM density can be reconciled for ∆ ∼ 10 4 and sparticle masses 10 TeV. This would explain why sparticles have not been detected at the LHC, whilst leaving open the possibility of detecting them at a future 100-TeV proton-proton collider such as FCC-hh [14] . Finally, Section 8 summarizes our conclusions.
Model
In the no-scale flipped SU(5) × U(1) GUT model [1, [6] [7] [8] [9] [10] [11] , the three generations of minimal supersymmetric Standard Model (MSSM) matter fields, together with three right-handed neutrino chiral superfields, are embedded into 10,5 and 1 representations. We denote the representations by F i ,f i , and c i , respectively, with i = 1, 2, 3 the generation index. A characteristic feature of the flipped SU(5) × U(1) GUT is that the assignments of the quantum numbers for right-handed leptons and the right-handed up-and down-type quarks are "flipped" with respect to the standard SU(5) assignments. In addition to these matter fields, this model contains a pair of 10 and 10 Higgs fields, H andH, respectively; a pair of 5 and 5 Higgs fields, h andh, respectively; and four singlet fields, φ a (a = 0, . . . , 3). The H andH fields break the SU(5) × U(1) gauge group down to the SM gauge group once these fields develop vacuum expectation values (VEVs). The phase transition associated with this symmetry breaking was discussed in detail in [10, 11] and will be reviewed in Section 3. As in the MSSM, the SU(2) L × U(1) Y gauge symmetry is broken by the VEVs of the doublet Higgs fields H d and H u , which reside in h andh, respectively. In Table 1 , we summarize the field content and the charge assignments of the fields, where the U(1) charges are given in units of 1/ √ 40. For the notation of the component fields, we follow Ref. [8] . With these charge assignments, the U(1) Y hypercharge Y is given by the following linear combination of the SU(5) generator T 24 = diag(2, 2, 2, −3, −3)/ √ 60 and the U(1) charge Q X :
In addition to the gauge symmetry, we assume that this model possesses an approximate Z 2 symmetry which is respected at the renormalizable level but is violated by some Planck-scale suppressed operators. Only the H field is odd under this Z 2 symmetry, while the rest of the fields are even, as shown in the last column of Table 1 . We expect that Z 2 -breaking nonrenormalizable operators prevent the formation of domain walls when the field H acquires a VEV. Table 1 : The field content and the charge assignments in the flipped SU(5) × U(1) GUT model. The U(1) charges are given in units of 1/ √ 40. For the notation of the component fields, we follow Ref. [8] .
The renormalizable superpotential in this model is then given by
We note that the Z 2 symmetry forbids some terms, such as F i Hh andf i Hh, which are unwanted. After the field H acquires a VEV, these terms would yield the operators H d c i D and H L i H u , respectively, which induce baryon/lepton-number violation as well as R-parity violation. The Z 2 symmetry also forbids a vector-like mass term for H andH, which is advantageous for suppressing rapid proton decay induced by color-triplet Higgs exchange, as we discuss below.
Since we work within a supergravity framework, we must specify the corresponding Kähler potential, which we assume to be of no-scale form [5] :
where T is the volume modulus, and the sum over Ψ includes all the chiral matter superfields in this model. In the absence of any moduli dependence of the gauge kinetic function, the scalar potential is
where the D-term part of the potential with vanishing SM non-singlet fields is given by
where g 5 and g X are the coupling constants of the SU(5) and U(1) X gauge interactions, respectively. There is an F -and D-flat direction in the potential V , in the direction of a linear combination ofν c H andν cH . We denote this combination by Φ, and refer to it as the 'flaton'. This flaton field is, therefore, massless in the supersymmetric limit 2 .
At low energies, the soft supersymmetry-breaking scalar mass-squared term for the flaton, m 2 Φ , is driven negative by renormalization-group equation (RGE) effects due to the Yukawa couplings λ 4,5,6 [8] . This negative mass-squared term destabilizes the origin of the flat direction, and thus the flaton field develops a VEV, breaking the SU(5) × U(1) GUT symmetry into the SM gauge group. For a large field value of the flaton, the flat direction is uplifted by a Planck-scale-suppressed superpotential term of the form 3 :
where M P ≡ (8πG N ) −1/2 denotes the reduced Planck mass. In this case, there is a relation between the flaton VEV, Φ , and the soft supersymmetry-breaking mass term of the flaton:
After Φ acquires a VEV, 13 gauge vector multiplets among the 25 in the SU(5) × U(1) gauge group become massive by absorbing the corresponding Nambu-Goldstone (NG) chiral superfields in H andH. Besides these 13 NG fields and the flaton Φ, there are six components in H andH, d c H and d cH . These fields form vector-like multiplets with D andD, acquiring masses of order λ 4 Φ and λ 5 Φ , respectively. On the other hand, the electroweak doublets H d and H u in h andh do not acquire masses from the flaton VEV-this is an economical realization of the missing-partner mechanism [8, 16] that solves naturally the doublet-triplet splitting problem. As a result, the color-triplet Higgs fields D andD become massive despite the absence of a vector-like mass term hh.
The exchange of the color-triplet Higgs fields in general induces dimension-five baryonand lepton-number violating operators [17] , which cause rapid proton decay. In the present setup, however, such operators are extremely suppressed; in order for these operators to be induced via color-triplet Higgs exchange, a chirality flip due to vector-like mass terms, DD or d c H d cH , would be required, but these terms are absent in Eq. (2).
As discussed in detail in Ref. [10] , this model offers a successful framework for inflation, where one of the singlet fields plays the role of the inflaton. We call it φ 0 in the following discussion. It is then found that if 2 We do not discuss in this paper the mechanisms for generating soft supersymmetry breaking or a cosmological constant (dark energy), which were considered recently in the no-scale context in [15] . 3 In general, we can consider operators of the form (HH) n /M 2n−3 P . For n < 4, we need a very small coupling λ and/or a very large flaton mass, in order to obtain a GUT-scale flaton VEV.
an asymptotically-flat Starobinsky-like potential [18] is obtained for φ 0 [19] , and for m s 3 × 10 13 GeV, the measured amplitude of the primordial power spectrum is successfully reproduced. Since the potential is Starobinsky-like, the tensor-to-scalar ratio r 3 × 10 −3 , well within the range allowed by the Planck and other data [12] . This prediction can be tested in future CMB experiments such as CMB-S4 [20] and LiteBIRD [21] . Additionally, as we discuss later, the predicted value of the tilt in the scalar perturbation spectrum, n s is also within the range favoured by Planck and other data at the 68% CL. This is the inflationary scenario we consider in this paper 4 .
As seen in Eq. (2), the inflaton φ 0 can couple to the matter sector via the couplings λ 6 and λ 7 . In Ref. [10] , two distinct cases, λ i0 6 = 0 (Scenario A) or λ i0 6 = 0 (Scenario B), were separately studied. We focus on Scenario B in this work. In this scenario, one of the three singlet fields other than φ 0 , which we denote by φ 3 , does not have the λ 6 coupling; i.e., λ i3 6 = 0, whereas λ ia 6 = 0 for i = 1, 2, 3 and a = 0, 1, 2. We also assume λ a 7 = 0 for a = 0, 1, 2. To realize this scenario, we introduce a modified R-parity, under which the fields in this model transform as
We note that this modified R-parity is slightly violated by the coupling λ 000 8 in Eq. (8) 5 . Nevertheless, since this R-parity-violating effect is only very weakly transmitted to the matter sector, the lifetime of the lightest supersymmetric particle (LSP) is still much longer than the age of the Universe [11, 23] , so the LSP can be a good dark matter candidate. We also note that the singlet φ 3 can acquire a VEV without spontaneously breaking the modified R-parity. In this case, the coupling λ 3 7 , which is allowed by the modified R-parity, generates an effective µ term for H u and H d , µ = λ 3 7 φ 3 , just as in the next-to-minimal supersymmetric extension of the SM.
Reheating and the GUT Phase Transition
We discuss now the aftermath of inflation, focusing on the portion of the model parameter space where the strong reheating scenario discussed in Ref. [11] is realized. As shown in Ref. [11] , in this case the GUT symmetry is left unbroken at the end of inflation, and we further assume that the system remains in the unbroken phase during reheating, as is confirmed in the following analysis. The GUT phase transition is triggered by the difference in the number of light degrees of freedom, g, between the broken and unbroken phases [10, 11, [24] [25] [26] . Massless superfields provide a thermal correction to the effective potential of −gπ 2 T 4 /90, where T denotes the temperature of the Universe. Since the number of light degrees of freedom in the unbroken phase (g = 103) is larger than that in the Higgs phase (g = 62), Φ is kept at the origin at high temperatures. However, once the temperature drops below the confinement scale of the SU(5) gauge theory, Λ c , the number of light degrees of freedom significantly decreases (g ≤ 25), and thus the Higgs phase becomes energetically favored [10] . We have found that in this strong reheating scenario the incoherent component of the flaton drives the phase transition if Λ c 2.3(m Φ M GUT ) 1/2 [11] , where m Φ and M GUT are the flaton mass and the GUT scale, respectively. For m Φ = 10 4 GeV and M GUT = 10 16 GeV, the above condition leads to the requirement Λ c 2.3 × 10 10 GeV. Note that even if the GUT phase transition occurs after inflation ends, our model does not suffer from the monopole problem, contrary to the conventional SU(5) GUTs, since our model is based on the product group SU(5) × U(1).
It was shown in Ref. [11] that if |λ i0 6 | O(10 −4 ) reheating is completed in the symmetric phase via the dominant inflaton decay channel φ 0 → F iH . The reheating temperature in this case is given by
indicating a direct relation between T reh and λ 6 .
In the case of such strong reheating, the flaton decouples from the thermal bath, and when T m Φ it becomes non-relativistic and eventually dominates the energy density of the Universe until it decays, generating a second episode of reheating. The amount of entropy released by flaton decay is estimated to be ∆ 1.6 × 10 4 λ −2 1,2,3,7 M GUT 10 16 GeV
where m soft stands for a typical sfermion mass. As we see later, values of ∆ 1 are favoured in this model.
Gravitino Production
Gravitinos are produced during reheating via the scattering/decay of particles in the thermal bath . For the calculation of the gravitino production rate, we use the formalism outlined in [45] , but with the group-theoretical factors and couplings appropriate to flipped SU(5) × U(1). In this case, the total gauge contribution to the thermally-averaged cross section for gravitino production can be written as
where m 3/2 denotes the gravitino mass, g i and M i are the gauge coupling constant and gaugino mass, respectively, and the sum is taken over the corresponding gauge groups: SU(5)×U(1) X in the unbroken phase and SU(3) c ×SU(2) L ×U(1) Y in the broken phase. The group-theoretical factors c i and n i are related to the Casimirs of the corresponding matter and gauge representations, and the number of corresponding vector fields, respectively, and can be found in Table 2 . The values of the thermal vector masses m V i can also be found in Table 2 .
The quasi-universal rate functions f i encode the one-loop thermal effects relevant to the process, and their derivation and computation beyond the hard-thermal-loop approximation in the broken phase can be found in [45] . In the unbroken phase we content ourselves with extrapolating the rate function for SU(3) c to the case of the SU(5) × U(1) X group, which leads to a O(1) error in our approximation. Finally, we note that the first term in the gaugino mass-dependent factors (1 + M 2 i /3m 2 3/2 ) corresponds to the production of the transversely polarized gravitino, while the second term is associated with the production of the longitudinal (Goldstino) component. Table 2 : Values of the gauge-group-dependent constants c i , n i , and the thermal vector masses m V i in the parametrization (12) for the total gravitino cross section. Top: MSSM. Bottom: flipped SU(5) × U(1).
Numerical integration of the Boltzmann equation
for the transverse gravitino yield leads to the results displayed in Fig. 2 . Here n rad = ζ(3)T 3 /π 2 is the number density of any single bosonic relativistic degree of freedom. The numerical results are provided in terms of the gravitino yield
evaluated at low temperatures T 1 MeV, and account for the running of the gauge couplings at one loop. These results are an improvement over those presented in [11] , which ignored the increase in the number of degrees of freedom in the plasma in the unbroken GUT phase.
The gravitinos produced during reheating eventually decay into LSPs. Fitting the numerical results for gravitino production, we find the following non-thermal, transverse con- The transverse gravitino yield at T 1 MeV as a function of the effective Yukawa coupling assuming strong reheating. The left vertical axis corresponds to the numericallycalculated yield including the dilution factor ∆ given by (11) . The right vertical axis shows the corresponding DM closure fraction, assuming m LSP = 10 TeV. The dashed portion of the yield curve corresponds to Yukawa couplings for which in-medium and non-perturbative effects may have an impact on the inflaton decay rate.
tribution to the LSP abundance in the symmetric phase:
Thus the LSP relic density is also directly related to λ 6 . The total dark matter abundance is obtained by adding this non-thermal component to the thermal relic density of the LSP, and is reduced by a dilution factor of ∆.
Neutrino Masses and Leptogenesis
The λ 6 coupling in this model also plays an important role in determining the neutrino mass structure [1, 10, 11] . In this Section, we study this structure in detail, following Ref. [48] . We adopt the basis where λ ij 2 and µ ab are real and diagonal without loss of generality 6 . In this case, the diagonal components of these matrices are given by
where we take m s = 3 × 10 13 GeV (see Section 2) . We express these matrices as λ ij 2 = λ i 2 δ ij and µ ab = µ a δ ab in what follows. The first equation in Eq. (16) is only an approximate expression; in general, renormalization-group effects and threshold corrections cause λ 2 to deviate from the up-type Yukawa couplings at low energies by at most O(10)%. Since these effects depend on the mass spectrum of the theory, we neglect such corrections in the following analysis.
The superpotential terms relevant to the present discussion are
where λ ia 6 is a 3 × 3 complex matrix 7 . As we noted above, only three singlet fields, including the inflaton, couple to the neutrino sector. The neutrino/singlet-fermion mass matrix can be written as
where i, j = 1, 2, 3 and a = 0, 1, 2, as before, andφ 0 corresponds to the fermionic superpartner of the inflaton field φ 0 . The mass matrix of the right-handed neutrinos is obtained from a first seesaw mechanism:
where we take ν cH = 10 16 GeV in this paper. We diagonalize the mass matrix (19) using a unitary matrix U ν c :
The light neutrino mass matrix is then obtained through a second seesaw mechanism [49, 50] :
This mass matrix is diagonalized by a unitary matrix U ν , so that
We note that, given a matrix λ ia 6 , the eigenvalues of the m ν and m ν c matrices, as well as the mixing matrices U ν c and U ν , are uniquely determined as functions of µ 1 and µ 2 via Eqs. (19) (20) (21) .
As can be seen from Eq. (19) , the masses of the right-handed neutrinos are generated after H acquires a VEV, namely, after the GUT phase transition has completed. Therefore, in the strong reheating scenario described in Section 3, the right-handed neutrinos are massless and in thermal equilibrium right after reheating is completed. When the GUT phase transition occurs, they obtain masses, and decouple from the thermal bath almost immediately if their masses are larger than the transition temperature, which we will confirm in the next Section. These right-handed neutrinos (and sneutrinos) subsequently decay into L i and H d non-thermally [11, 25] 8 , generating a lepton asymmetry [51] 9 . The sphaleron process [52, 53] then converts this lepton asymmetry partially to a baryon asymmetry. The resultant amount of the baryon asymmetry is given by
where [11, 48] 
with [54, 55] g
We note that the sign in (23) is fixed: we must require i i < 0 in order to obtain n B /s > 0.
Both the sign and magnitude of i depend on the CP phases in the unitary matrix U ν c , which are related to the CP phases in the matrix λ 6 through Eqs. (19) and (20) . Notice that the matrix U ν c is not directly related with the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix [56] , U PMNS . As discussed in Ref. [48] , the PMNS matrix is given by
where U l is a unitary matrix that is used to diagonalize the matrix λ ij 3 , which leads to the charged lepton Yukawa couplings. Although the matrix U ν in Eq. (26) does have a connection with U ν c via Eqs. (21) and (22), due to the presence of an extra unknown matrix, U l , we cannot predict the PMNS matrix in our model. In particular, the determination of neutrino CP phases at low energies has no implication on the CP phases relevant to leptogenesis (i.e., the phases in the matrix U ν c ) 10 . 8 As we see in the next section, singlet fermionsφ a have masses well above the transition temperature, and thus the contribution of these fields to the generation of lepton asymmetry can safely be neglected. 9 We note that this lepton asymmetry is not washed out by the dimension-five operators of the form L i L jhh that are obtained by integrating out the right-handed neutrinos and singlet fields. Since these operators are generated in the same manner as the neutrino mass matrix in Eq. (21) , in the bases where the neutrino mass matrix is diagonalized, the dimension-five operators can be written as m i L i L ihh / h 0 2 , with m i (i = 1, 2, 3) the mass eigenvalues of the light neutrinos. These operators decouple from the thermal bath at the time of the GUT phase transition for m i 0.2 eV, which is the case in our scenario, as we see in the next Section. 10 Once the PMNS matrix is determined, however, we can use Eq. (26) to relate the matrices U l and U ν .
Scan of the Model Parameter Space
As we have seen in Section 3, the coupling λ 6 determines the reheating temperature, which then fixes the non-thermal component of the dark matter abundance as shown in Eq. (15) . This coupling also controls the neutrino mass structure and baryon asymmetry as discussed in [1] and the previous Section. We now investigate numerically the effect of the λ 6 coupling on these quantities by performing a parameter scan of λ 6 . We write it in the form
where r 6 is a real constant, which plays a role of a scale factor, and M 6 is a generic complex 3 × 3 matrix. We then scan r 6 with a logarithmic distribution over the range (10 −4 , 1) choosing a total of 2000 values. For each value of r 6 , we generate 2000 random complex 3 × 3 matrices M 6 with each component taking a value of O(1). This is the same data set as that used in Ref. [1] . As discussed in Section 5, for each 3 × 3 matrix λ 6 , the eigenvalues of the m ν and m ν c matrices and the mixing matrices U ν c and U ν are obtained as functions of µ 1 and µ 2 . We then determine these two µ parameters by requiring that the observed values of the squared mass differences, ∆m 2 21 ≡ m 2 2 − m 2 1 and ∆m 2 3 ≡ m 2 3 − m 2 , are reproduced within the experimental uncertainties, where = 1 for the normal ordering (NO) case and = 2 for the inverted ordering (IO) case. For the experimental input, we use the results given in Ref. [58] , which we summarize in Table 3 . We generate the same number of λ 6 matrices for each mass ordering, and find solutions for 9839 and 730 matrix choices for the NO and IO cases, respectively, out of a total of 4 × 10 6 models sampled. This difference indicates that the NO case is favored in our model. Table 3 : Input values for the squared mass differences of active neutrinos [58] .
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In the left panel in Fig. 3 , we show the distributions of the lightest neutrino mass for the NO (orange shading) and IO (blue dashed). As we see, in both of the cases the lightest neutrino mass is 10 −5 eV. As a result, in the case of NO, the heavier neutrinos have masses ∆m 2 21 = 8.6 × 10 −3 eV and ∆m 2 31 = 5.0 × 10 −2 eV, while for the IO case, both of the heavier states have masses |∆m 2 32 | = 5.0 × 10 −2 eV. The sum of the neutrino masses is then given by i m ν i 0.06 eV and 0.1 eV for NO and IO, respectively, as shown in the right panel in Fig. 3 . These predicted values are below the current limit imposed by
As discussed in Ref. [48] , the matrix U l affects proton decay branching fractions and makes them different from those predicted in the standard SU(5) GUT. A more detailed discussion on proton decay in the flipped SU(5) × U(1) model will be given on another occasion [57] .
Planck 2018 [12] , i m ν i < 0.12 eV, but can be probed in future CMB experiments such as CMB-S4 [20] . Moreover, the IO case can be probed in future neutrino-less double beta decay experiments, whereas testing the NO case in these experiments is challenging [59] . In Fig. 4 we display histograms of the bilinear couplings µ 1 (orange shading) and µ 2 (blue dashed line) in the NO and IO scenarios (left and right panels, respectively). We see that there is a large range of possible values for these parameters in the NO scenario, peaked around 10 13 to 10 14 GeV, whereas values of µ 1,2 in the IO scenario are largely limited to a relatively narrow range around these values. We also find that there is a small number of parameter points that predict µ a > M P . Such cases may be disfavored if we consider a plausible ultraviolet completion of our model, specifically in a string theory. In the following analysis, however, we just adopt a bottom-up approach and include these parameter points, while noting that the exclusion of these points do not affect our consequences below. Fig. 5 shows histograms of the right-handed neutrino masses m ν c 1 (blue) m ν c 2 (brown dashed) and m ν c 3 (green hatching) in the NO and IO scenarios (left and right panels, respectively). In both cases, their distributions are peaked around 10 11 , 10 12 and 10 13 , respectively. However, possible values of m ν c Histograms of the reheating temperature T reh in the NO and IO scenarios (orange shading and blue dashed, respectively) are shown in Fig. 6 . We see that values of T reh ∼ 10 12 GeV are favoured, though much larger values 10 15 GeV are possible in the NO scenario. In any case, all of the parameter points predict T reh M ≡ (m Φ M GUT ) 1/2 10 10 GeV, and therefore the strong reheating condition is satisfied as long as Λ c 2.3M [11] . We note here that in the NO case the range of favoured reheating temperatures includes those for which T reh m s . When this is the case the simple picture of perturbative reheating that we have used fails, and thermal and non-thermal in-medium effects, and/or non-perturbative particle production can become relevant and significantly alter the relaxation rate of the inflaton [60] . We nevertheless formally identify T reh as the function of λ 6 given by (10) , keeping in mind that the physical temperature of the plasma after the complete decay of the inflaton may be different. We leave the careful exploration of this "very strong" reheating scenario for the future.
We show in Fig. 7 the distribution of the non-thermal dark matter density produced by gravitino decays in the solutions for λ 6 , where we set the entropy dilution factor to be ∆ = 10 4 . We find that many parameter solutions predict Ω DM h 2 10 −1 , in good agreement with the dark matter density observed by the Planck collaboration, Ω DM h 2 = 0.120(1) [12] (shown as the black band in Fig. 7) , for m LSP = 10 TeV, corresponding to T reh 10 12 GeV (see Eq. (15)). We also find that some solutions overproduce dark matter for m LSP = 10 TeV, as large as Ω DM h 2 10, corresponding to a reheating temperature as high as T reh 10 14 GeV. In this case, we need a smaller m LSP and/or a larger ∆ to make these solutions consistent decay process of ν c 1 andν c 1 in the calculation of the lepton asymmetry. lifetime of the gravitino is 100 s, for which stringent bounds are given by D/H destruction and 4 He overproduction [61, 62] . In our scenario, for most of the parameter points, the gravitino abundance is sufficiently reduced by the late-time entropy production that the BBN bound is evaded for m 3/2 = 10 TeV. As seen in Figs. 6 and 7 , however, there are some parameter regions where the reheating temperature is as high as 10 14 GeV. In this case, as noted above, the relic density would be excessive unless either the neutralino mass was significantly reduced, creating a hierarchy between the neutralino and gravitino masses, or the entropy release ∆ > 10 4 , in which case the constraint from BBN is also relaxed. In Fig. 8 , we show histograms of n B /s assuming an entropy factor ∆ = 10 4 ; n B /s > 0 in Fig. 8a and n B /s < 0 in Fig. 8b . As we see, both positive and negative baryon asymmetries can be obtained in both the NO and IO scenarios, without any preference. In particular, the observed value (in both magnitude and sign) of the baryon asymmetry, namely n B /s = 0.87 × 10 −10 [12] , shown as the vertical solid line in Fig. 8a , can easily be explained in our scenario. It is apparent that a value of ∆ much more than two orders of magnitude larger would be unlikely to yield an acceptable value of n B /s. We also note that the predicted value of |n B /s| can be larger than that estimated in Refs. [10, 11] . To see this reason, notice that the mass function g(x) in Eq. (25) gets significantly increased in the limit x → 1:
This enhancement occurs when there is mass degeneracy in the right-handed neutrino mass spectrum, i.e., m ν c 1 m ν c 2 or m ν c 2 m ν c 3 . In Fig. 9 , we plot min{R 21 , (29) quantifies the degree of mass degeneracy. The green dots (blue crosses) correspond to the case R 21 < R 32 (R 21 > R 32 ). As we see, n B /s ∼ 10 −7 can be obtained only when at least a pair of right-handed neutrinos are degenerate in mass at O(10)% level, a possibility that was not considered in Refs [10, 11] . For a smaller value of n B /s, we do not need such mass degeneracy. In particular, n B /s 0.87 × 10 −10 can be obtained even for a hierarchical right-handed neutrino mass spectrum, which is consistent with the estimation done in the previous papers [10, 11] . In Fig. 10 , we plot the non-thermal contribution to the LSP abundance from gravitino decay, assuming m LSP = 10 TeV, against the baryon asymmetry predicted at the same parameter point, assuming ∆ = 10 4 . The vertical black and horizontal green lines show, respectively, the observed values of baryon asymmetry and dark matter abundance Ω DM h 2 = 0.12 [12] . We find that most of the points predict n B /s O(10 −7 ) and Ω DM h 2 O(10 −2 ). In particular, there are many solutions where n B /s 0.87 × 10 −10 and the non-thermal component of the LSP abundance from gravitino decays accounts for the entire dark matter density Ω DM h 2 0.12. For such parameter points, one must ensure that the thermal relic of the LSP is sufficiently depleted, which is obtained easily if ∆ ∼ 10 4 , as we see in the next Section. To illustrate that a good solution can be found for a generic choice of the λ 6 matrix, in Table 4 , we show the predicted values of physical observables for (30) In general, we find that a generic choice of λ 6 with absolute values of O(10 −4 ) can reproduce the observed baryon asymmetry and the dark matter density. In this case, the right-handed neutrino mass spectrum is moderately hierarchical, and all of the singlet fermionsφ a have masses much larger than the right-handed neutrinos. We add also that for the λ 6 matrix (30) and ∆ ∼ 10 4 the calculations in [11] indicate that n s 0.961, within the 68% CL range n s = 0.9645 ± 0.0042 allowed by Planck and other data [12] . Figs. 7 and 8 suggested a preferred range of the entropy factor ∆ ∼ 10 4 . We show in Fig. 11 a scatter plot of ∆ vs m LSP , assuming that all the dark matter is produced nonthermally and requiring that the measured value of n B /s be reproduced. We see that the values of ∆ range from ∼ 10 2 to ∼ 10 7 and that m LSP lies between ∼ 10 2 and 10 7 GeV in the NO scenario, with a strong correlation between the two quantities. 
Phenomenological Aspects of Entropy Production
One of the most striking phenomenological consequences of entropy production on the scale discussed above is its effect on the low-energy supersymmetric parameter space. In constrained models such as the CMSSM [63] [64] [65] [66] [67] [68] , all soft scalar masses are unified with the same input value m 0 at some high energy scale, M in , which may be equal to the GUT scale, as in the CMSSM, or less (as in sub-GUT models [64, 65, 67, 69, 70] ), or greater than the GUT scale (as in super-GUT models [66, [71] [72] [73] ), and similarly for gaugino masses, m 1/2 , and trilinear terms, A 0 . In the absence so far of a positive signal for supersymmetry at the LHC [74] , the viability of such constrained models relies on particular relations between the mass of the LSP and some other sparticle masses. In general, with TeV-scale sparticle masses we expect the relic LSP density left over from thermal freeze-out to be relatively large, i.e., generically much larger than the cold dark matter density determined by Planck, Ωh 2 0.12 [12] . For example, let us consider the representative example of a bino LSP χ annihilating to SM fermions through sfermion exchange. Assuming roughly mf > m χ m f , we can approximate the p-wave annihilation cross section 12 as [75] σv
where g 1 is the U(1) Y gauge coupling, Y L,R are the hypercharges of (left, right)-handed fermions, m χ is the bino mass, mf is a common sfermion mass, and x = T f /m χ ≈ 1/20 is the annihilation freeze-out temperature relative to the bino mass. The relic density can be approximated by [30, 76 ]
where the factor (T χ /T γ ) 3 accounts for the dilution of neutralinos from freeze-out to today [30, 77] , and g f is the number of relativistic degrees of freedom at freeze-out. For m χ ∼ 100 GeV and mf ∼ 350 GeV, Ω χ h 2 ∼ 0.1. However, it is apparent from (32) that Ω χ h 2 scales as m 4 f /m 2 χ , implying that increasing the supersymmetry-breaking scale by a factor of 100 so that, e.g., m χ ∼ 10 TeV and mf ∼ 35 TeV, we would find Ω χ h 2 of order 10 3 .
This argument may be circumvented by relying on coannihilations [78] between the LSP and the next-to-lightest supersymmetric particle (NLSP), such as the lighter stop [67, 68, [79] [80] [81] [82] [83] or stau [84] [85] [86] . For such coannihilations to be effective at reducing the relic density, a high degree of degeneracy is needed between the LSP and NLSP masses. Alternatively, the mass of the neutralino may be very close to 1/2 the mass of the heavy Higgs scalar and/or pseudoscalar, leading to rapid s-channel annihilations [87] . Another possibility occurs when m 0 m 1/2 with small (or vanishing) A 0 . In this regime, the value of the Higgs mixing parameter µ is driven to zero, the LSP becomes more Higgsino-like, and annihilations to electroweak gauge bosons become significant [88] . Again, this requires a fairly finely-tuned relation between m 1/2 and m 0 for given values of A 0 and tan β.
Late-time entropy production changes dramatically the landscape of allowed models. A factor ∆ = 10 4 in entropy production would imply that the preferred relic density at freezeout would be increased by 10 4 , corresponding to typical supersymmetry-breaking masses of order 10 TeV as can be inferred from Eqs. (31) and (32) . To the extent that the model requires ∆ = 10 4 , one may consider that a supersymmetry-breaking scale of O(10) TeV is a prediction of the model. Very roughly, we can re-express the relic density in Eq. (32) as
where the entropy release is given roughly by [11] ∆ ∼ 10 4 30TeV mf
so that
where we have assumed that all relevant couplings are of order 1.
Another cosmological consideration that should be taken into account is successful BBN, which requires the reheating temperature after the transition to be at least 1 MeV, so as to ensure a radiation-dominated universe during BBN. The reheating temperature can be written as [11] T reh ∼ 10 −3
and combining Eqs. (35) and (36) , we can write
It is rather remarkable that the late-time reheating temperature in Eq. (36) is just above 1 MeV, as needed to restart BBN, for mf O(10) TeV, while the observed value of Ω χ h 2 in Eq. (33) requires mf O(10) TeV, thus determining supersymmetry breaking scale in our model to be O(10) TeV. This prediction is consistent with the non-observation of SUSY signals at LHC so far.
Following this general discussion, we now consider some concrete examples that illustrate the behaviour of the relic density as a function of the supersymmetric mass scales. We first exhibit in Fig. 12 four examples of parameter planes in the CMSSM. In all four planes, the input universality scale is set to the GUT scale, taken to be the renormalization scale where the electroweak gauge couplings are equal, g 1 = g 2 , and we assume that the Higgs mixing parameter µ > 0. In the upper left panel, we choose A 0 /m 0 = 0 and tan β = 3. The dark red shaded region where m 1/2 m 0 is excluded because the lighter stau is the LSP. The red dot-dashed lines are contours of constant Higgs masses between m h = 122 and 128 GeV as calculated using FeynHiggs [89] , which are consistent with the measured value within the calculational uncertainties. The solid blue contours show values of the LSP relic density in the absence of subsequent entropy generation, Ω χ h 2 . For this choice of A 0 and tan β, in the absence of subsequent entropy generation the only viable area with Ω χ h 2 = 0.12 would be a narrow strip at m 1/2 1 TeV (outside the scale of this Figure) lying very close to the line of mass degeneracy between the neutralino (a bino in this case) and the stau. Everywhere else in the plane Ω χ h 2 is large and varies between about 10 and 2000 for the parameter range shown. For an entropy release corresponding to ∆ = 10 4 , the preferred region shifts to m 1/2 ≈ 12 TeV and m 0 ≈ 15 TeV where Ωh 2 ≈ 1000, with m h = 125 GeV.
In the upper right panel, we show an analogous plane for larger tan β = 10. In this case, the pink shaded region at large m 0 m 1/2 is excluded by the absence of a consistent electroweak vacuum. Just below this region, there is a focus-point strip with Ω χ h 2 = 0.1, and for m 1/2 < 1 TeV there is principle also a narrow strip with the right relic density just above the stau LSP region. In the conventional thermal freeze-out picture, values of m 0 (m 1/2 ) are constrained to lie along one of these strips. However, the bulk of the plane has a much larger relic density, which can reach ∼ 200 when m h = 125 GeV. For this value of tan β, Ω χ h 2 ∼ 1000 is found at very large m 1/2 where the Higgs mass is too large 13 .
The lower two panels show similar patterns when A 0 /m 0 = 3 with tan β = 3 (lower left) and A 0 /m 0 = −4.2 with tan β = 5 (lower right). In both panels, in addition to the stau LSP region (lower wedges), there are also stop LSP regions at large m 0 /m 1/2 . Adjacent to each of the stop LSP regions, there is a stop coannihilation strip with Ω χ h 2 = 0.12, which is invisibly thin, because of the small uncertainty in the Planck determination of Ω χ h 2 and the scale of the Figure. Once again, we see that the introduction of entropy opens up the plane so that one is no longer confined to these narrow coannihilation strips 14 .
The above four planes are rather generic for the CMSSM, and there are similar features in the super-GUT CMSSM based on flipped SU(5) as originally considered in [73] . In all four flipped super-GUT planes shown in Fig. 13 , we take A 0 /m 0 = 0 and µ > 0. upper left panel is similar to one considered in [73] , and the input universality scale is chosen to be the Planck scale with tan β = 10. The flipped SU(5) couplings are chosen as λ = (λ 4 , λ 5 ) = (0.3, 0.1). These planes are not sensitive to the choice of λ 6 . There is a region with Ω χ h 2 = 0.12 due to a rapid s-channel Higgs annihilation funnel at very low m 1/2 ∼ 200 GeV, which is responsible for the structures in the relic density contours at low m 1/2 . However, in the bulk of the plane, as in the CMSSM, the relic density is significantly higher, particularly when m h = 125 GeV. In the upper right panel of Fig. 13 , we have taken the input universality scale at M in = 10 16.5 GeV, and the resulting plane similar to the case shown in the upper right panel of Fig. 12 .
In the lower left panel of Fig. 13 , we have increased λ 5 so that λ = (0. In summary, when the supersymmetric soft mass scales are taken generically to be of order 10 TeV as illustrated in the examples discussed above, the resulting relic density from thermal freeze-out is 1 in the absence of subsequent entropy generation, and easily reaches O(1000) when m h = 125 GeV. However, in the presence of a factor O(10 4 ) of entropy generation, as advocated in the previous Section, the correct cold dark matter relic density can be obtained in generic domains of the parameter space of our model. If the contribution to Ω χ h 2 from gravitino decay is significant, the thermal component would necessarily have to be smaller, but there is no apparent need for fine-tuning.
Conclusions
In this paper we have developed further a string-inspired model for particle cosmology proposed previously [1] , based on a flipped SU(5)×U(1) gauge group embedded in no-scale supergravity, as outlined in Fig. 1 . We have paid particular attention to incorporating all the relevant cosmological constraints, including the realization of Starobinsky-like inflation, a baryon density n B /s and a cold dark matter density Ω CDM h 2 consistent with observations, light neutrino masses and mixing parameters consistent with data on astrophysical structures as well as oscillation measurements, and the successful realization of Big Bang nucleosynthesis.
It is a striking feature of the model that the generation of an entropy factor ∆ ∼ 10 4 is not only required for the consistency of n B /s and Ω CDM h 2 with observations, but is also to be expected during the flaton phase transition in the early universe. Within our model framework, this large increase in entropy requires relatively heavy supersymmetric particles weighing O(10) TeV. In this case the dark matter density calculated via the conventional freeze-out mechanism in conventional cosmology would, in the absence of fine-tuning, be orders of magnitude greater than the small range allowed by Planck and other measurements. However, the large entropy factor reduces the cold dark matter density into the Planck range, maintaining consistency with relatively heavy supersymmetric particles weighing O(10) TeV. Therefore, within our model framework it is no surprise that the LHC has not (yet) discovered any supersymmetric particles. However, they may well lie within reach of a next-generation O(100) TeV proton-proton collider such as FCC-hh [14] .
There are many important aspects of our model that remain to be worked out. For example, whilst our model yields a small value of the tensor-to-scalar perturbation ratio r in the cosmic microwave background that is highly consistent with present observations, and the model prediction for the value of the scalar tilt, n s , is also consistent with Planck and other data at the 68% CL [12] . Another area where the model could make interesting predictions worthy of a dedicated study is that of baryon decay. Also, it would be interesting to make a global fit to the parameters of the model in an effort to pin them down more narrowly. Taking a broader perspective, it would also be interesting to explore the generality of some of the features we have found in this model. For example, how general is the expectation of substantial entropy generation, and the consequent opening of the range of generic sparticle masses to O(10) TeV? We shall certainly be returning to some of these issues in future work.
